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Abstract

This study explored possible reasons for the striking difference between digit span and word span in patients with semantic dementia.
Immediate serial recall (ISR) of number and non-number words was examined in four patients. For every case, the recall of single-digit
numbers was normal whereas the recall of non-number words was impaired relative to controls. This difference extended to multi-digit
numbers, and remained even when frequency, imageability, word length, set size and size of semantic category were matched for the
numbers and words. The advantage for number words also applied to the patients’ reading performance. Previous studies have suggeste
that semantic memory plays a critical role in verbal short-term memory (STM) and reading: patients with semantic dementia show
superior recall and reading of words that are still relatively well known compared to previously known but now semantically degraded
words. Additional assessments suggested that this semantic locus was the basis of the patients’ category-specific advantage for numbers
Comprehension was considerably better for number than non-number words. Number knowledge may be relatively preserved in semantic
dementia because the cortical atrophy underlying the condition typically spares the areas of the parietal lobes thought to be crucial in
numerical cognition but involves the inferolateral temporal-lobes known to support general conceptual knowledge.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction tic representations play a role in the maintenance of phono-
logical information over brief periods of time.
Immediate serial recall (ISR) tasks, like digit and word ~ Some complementary evidence is provided by neuropsy-
span, are traditionally considered to measure the function-chology (sedJartin & Lesch, 1996Martin & Saffran, 1997
ing of a discrete phonological short-term memory (STM) Martin, Shelton, & Yaffee, 1994 This study examines ISR
system. It is now commonly acknowledged, however, that in patients with semantic dementia (SD), who show a spe-
verbal ISR draws on multiple levels of representations that cific decline in semantic memory. SD is the temporal-lobe
play a role in language production and comprehension. Nor- variant of frontal-temporal dementia, and is associated with
mal participants show effects of lexicality, word frequency, progressive focal atrophy of the inferolateral-temporal neo-
imageability, concreteness and semantic blocking in ISR cortex. SD patients are anomic and have impaired compre-
(Bourassa & Besner, 1994ulme, Maughan, & Brown, hension on a range of verbal and non-verbal taBiazéat,
1991 Hulme et al., 1997; Poirier & Saint Aubin, 1995; Lambon Ralph, Patterson, Garrard, & Hodges, 2000
Walker & Hulme, 1999, suggesting that lexical and seman- contrast, non-verbal reasoning, perceptual and spatial skills,
new episodic learning, syntax and phonology remain largely
intact Hodges, Patterson, Oxbury, & Funnell, 1993D

_— patients rarely produce phonological errors in spontaneous
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Knott et al., 1997. Despite intact phonology, ISR for short functional imaging (e.g.Dehaene, Spelke, Pinel, Stanescu,
lists of words is characterised by numerous phoneme mi- & Tsivkin, 1999 Dehaene et al., 1996; Stanescu-Cosson
gration errors (e.g., “mint, rug” recalled as “rint, mug”), etal., 2000 and neuropsychological studies (e@ipolotti,
and consequently word span is severely impaiMdGarthy Butterworth, & Denes, 1991Dehaene & Cohen, 1997;
& Warrington, 1987 Patterson, Graham, & Hodges, 1994 Delazer & Benke, 1997; Warrington, 19828uggest that
Warrington, 197% knowledge of numbers is associated with the inferior pari-
Several studies have found that words are more likely etal area. Some aspects of number representation may
to disintegrate in ISR if their meanings are degraded, sup-therefore be independent of the temporal lobe semantic
porting the notion that long-term semantic representations system that degrades in SD.
play a role in maintaining the phonological coherence of  The relative preservation of number knowledge in SD is
words in STM (Caza, Belleville, & Gilbert, 2002Forde not the only possible cause of the difference between digit
& Humphreys, 2002; Knott et al., 199Knott, Patterson, = and word span. Single-digit number words are higher in fre-
& Hodges, 2000 Patterson et al., 1994Patterson et al.  quency than the words typically used to assess span and
(1994) selected words that were either relatively well or ISR performance in SD is strongly affected by frequency
poorly understood by individual SD patients, and found (Knott et al., 1997, 2000; McCarthy & Warrington, 2001
that fewer phonological errors occurred during recall of In addition, SD patients appear to show enhanced effects of
the better-known words. This difference remained when the imageability in ISR {efferies, Frankish, & Lambon Ralph,
‘known’ and ‘degraded’ words were matched for frequency submitted-a Knott et al., 1997 and the words and digits
on an item-by-item basiKfott et al., 1997, 2000 Normal used in span tests are not typically matched for imageabil-
participants show similar phoneme migration errors in ISR ity. Thirdly, word span is normally tested with non-repeating
for non-words, which by definition lack lexical and seman- items whereas digit span uses a restricted set of nine items.
tic representationsTfeiman & Danis, 198B It should be Smaller set sizes improve recall in SD patients as well as nor-
noted, however, that a number of studies have failed to find mal participants Jefferies, Jones et al., submittedkmnott
the expected ISR advantage for known over degraded itemset al., 1997, so set size may contribute to the better ISR for
in semantically impaired patient&nnell, 1996; Lambon  digits. In addition, digits are drawn from a closed seman-
Ralph & Howard, 2000; McCarthy & Warrington, 1987, tic set where as the words used in span tasks can be drawn
2001; Warrington, 1975 Methodological factors contribute  from many semantic categories. A fifth potential factor is
to this inconsistency; in particular, the known/degraded dif- that numbers form an ordered sequence whereas words do
ference is less likely to emerge for word lists selected from not. Finally, normal subjects show better recall of digits than
a small pool of itemsJefferies, Jones, Bateman, & Lambon words @Brener, 1940)nd it is not clear from the existing

Ralph, submittedx reports whether the difference between digit and word ISR
in SD patients is more substantial than in controls.
1.1. The case of number words This study examined ISR of number and non-number

words matched for frequency, imageability, word length, set

Word span is severely impaired in SD but digit spanis typ- size, and size of semantic category in four SD patients, and
ically unimpairedWarrington (19753escribed two patients made a direct comparison between patients and controls. We
with word spans of four but digit spans of nine and seven. extended the materials to determine whether better perfor-
Similarly, patient AM Knott et al., 1997 recalled lists of mance with single-digit numbers generalised to lower fre-
five digits almost perfectly but only a quarter of lists of the quency multi-digit numbers. Comprehension of the number
same length when they were composed of letters or highand matched non-number words was assessed in order to
frequency words. Digit span also remains relatively stable examine whether a category-specific difference in compre-
in the face of marked semantic declirénptt et al., 200]. hension could underlie the ISR results.

This striking difference between digit span and word
span could arise for a number of reasons. One intriguing
possibility is that it is equivalent to the ISR difference be- 2. Case descriptions
tween known and degraded words. That is, ISR for digits
might be relatively preserved because they are understood The experimental investigations, conducted in 2001, ex-
well in comparison with other categories of word. In amined four SD patients who are described in order of
line with this suggestion, some recent studies have foundseverity. A summary of the background neuropsychologi-
that number knowledge is relatively spared in patients cal assessment is shownTable 1 EK was a 60-year-old
with SD (Butterworth, Cappelletti, & Kopelman, 2001 right-handed woman who left school at the age of 15 and
Cappelletti, Butterworth, & Kopelman, 2001, 2QQ2rutch had been experiencing worsening word-finding difficulties
& Warrington, 2002; Diesfeldt, 1993The cortical atrophy  for around 5 years. She was living alone and doing occa-
in SD predominantly affects the anterior and inferior tem- sional cooking and cleaning jobs at the time of the study.
poral lobes bilaterally, and the temporal poles in particular An MRI scan obtained in 2002 showed bilateral temporal
(Galton et al., 2001; Mummery et al., 2000n contrast, lobe atrophy that was more marked in the left hemisphere.
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Table 1

Background neuropsychological scores

Test Maximum EK GT PD MK Control mean (S.D.)
Mini-Mental State ExaminationFplstein, Folstein & McHugh, 1935 30 27 26 18 212 Cutoff > 24
Raven’s Coloured Progressive Matricé&agen, 196p 36 33 35 28 22 -

Digit span: forwards \(vechsler, 198y - 6 6 7 5 6.8(0.9P
Digit span: backwards\Wechsler, 198y - 7 4 5 4 4.7(1.2
Spatial span: forwards/Nechsler, 199y - 6 5 - 5 5-6
Naming 64 17 112 42 22 62.3 (1.6}
Word-picture matching 64 46 32 17 112 63.7 (0.59
Pyramids and Palm Trees test: pictureoyard & Patterson, 1992 52 3z 37 262 3 51.1 (1.1%
Pyramids and Palm Trees test: wordovard & Patterson, 1992 52 36 32 267 262 51.2 (1.4%
Category fluency: living - 3 13 52 02 60.3 (12.6
Category fluency: man-made - %8 112 22 12 54.8 (10.3)
Letter fluency (F, A, S) - 29 24 22 a2 442 (11.2%
Rey figure immediate copyLézak, 197% 36 34 34 36 30 34.0 (3.6)
VOSP?: incomplete lettersWarrington & James, 1991 20 20 18 3 1?7 19.2 (0.8}
VOSP: dot counting Warrington & James, 1991 10 10 10 10 10 9.9 (0.8)
VOSP®: position discrimination \Varrington & James, 1991 20 20 20 16 17 19.8 (0.6}
VOSP: cube analysisWarrington & James, 1991 10 10 10 L} 6 9.7 (2.5%

Figures refer to the number of correct items.
2Denotes abnormal performance.
b Control data fromBozeat, Lambon Ralph, Patterson, and Hodges (2002)
¢Normal range for age matched participants.
d Control data fromGraham, Patterson, and Hodges (2001)

Her neuropsychological profile was dominated by a moder- comprehension for 5 years. An MRI scan from 2002
ate impairment of semantic memory. She performed poorly showed marked bilateral circumscribed temporal lobe atro-
on tests requiring comprehension of words and pictures; for phy. His cognitive profile was similar to the description of
example, word-picture matching and the Pyramids and PaImEK above although his semantic impairments were a little
Trees testfloward & Patterson, 1992Fhe was severely more severe. He was impaired on a range of pictorial and
anomic in spontaneous speech, word fluency tasks and converbal tests of semantic memory. In contrast, he was well
frontational picture naming. Her naming errors were pre- oriented in time and space, and had intact visual-spatial
dominantly omissions and semantic paraphasias. In commonrskills, non-verbal reasoning abilities and memory for recent
with other SD patients, she produced surface dyslexic errorsevents. His speech was fluent and syntactically well formed
in reading aloud and surface dysgraphic errors in spelling but characterised by anomia and frequent circumlocutions.
tasks. In contrast to her marked semantic difficulties, she His conversation was repetitive. He did not make phono-
was well oriented in time and place, had excellent episodic logical errors in spontaneous speech or picture haming. He
memory for recent events, and had no difficulty in remem- had good verbal STM as measured by forwards and back-
bering appointments. She performed normally on tests of wards digit span, although his word span performance was
visual-spatial processing from the Visual Object and Space characterised by frequent phonological errors. His hearing
Perception (VOSP) batteryMarrington & James, 1991and was slightly impaired in his right ear.
she was able to produce a good immediate copy of the Rey PD, a 73-year-old right-handed woman, left school at the
complex figure lLezak, 197%. Her non-verbal reasoning on age of 14 and later worked as a regional organiser for a
the Coloured Progressive Matrices teRayen, 196 was large charity. She had an 8-year history of worsening se-
normal. Her speech was fluent and syntactically well formed mantic memory problems and these were very severe at
despite her anomia. She had intact single word phonologythe time of testing. An MRI scan from 1997 showed very
and she did not make phonological errors in spontaneousmarked bilateral temporal lobe atrophy that was worse in
speech or picture naming. She had normal spatial STM asthe right hemisphere, with relative preservation of more me-
assessed by the Corsi block tapping task, and normal ver-dial temporal-lobe structures including the hippocampus and
bal STM as measured by forwards and backwards digit spanalso evidence of some more generalised cortical atrophy. PD
(Wechsler, 198y Her word span performance, however, was near floor on a range of tests that required comprehen-
was characterised by frequent phonological errors similar to sion of pictures and words. Early in the course of the dis-
those described blpatterson et al. (1994) ease, she experienced particular problems with recognising
GT, a 71-year-old right-handed male, left school aged objects and people, and at the time of testing, she showed
14 and worked as a builder and a technician in a higher poorer performance on pictorial compared with verbal se-
education college. At the time of the study, he had been mantic tests, consistent with her predominantly right-sided
experiencing a gradual decline in his word finding and atrophy Evans, Heggs, Antoun, & Hodges, 1998Ithough
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she had been well oriented for time and place when she firstdigit span and was tested on six to eight items (although
presented in 1996, she was more poorly oriented at the timefor the second set of words, eight item lists were not tested
of testing and occasionally became lost. She also showeddue to time constraints). MK performed more poorly on ISR
some impairment in visual-spatial skills and non-verbal rea- tasks, so was tested on four to six items. The numbers and
soning. PD exhibited some behavioural changes, including words were yoked so that matched items appeared in the
disinhibition, which would be consistent with the disease same position in each list. The digits and frequency-matched
process affecting basal frontal as well as temporal regionswords were presented in blocks using an ABBA design.
(Snowden, Neary, & Mann, 1996However, she did not  The frequency and imageability-matched words were tested
make phonological errors in either picture naming or spon- on a separate occasion. Testing was extended to include
taneous speech. She became increasingly difficult to test andshorter list lengths for words and longer list lengths for
withdrew from the study before all the experiments reported digits, allowing the patients’ errors just beyond span to be
here were completed. compared across the materials (although this process was
MK, a 67-year-old right-handed woman, was the most not completed for PD). The items in this and subsequent
severely semantically impaired patient included in the study. experiments were read aloud at a rate of one word per second
She left school at the age of 17 and had previously beenfor immediate serial recall.
employed in clerical work. Her family reported a 3-year = Twelve healthy control participants were also tested on
history of worsening semantic problems. An MRI scan these materials. Three control participants were matched to
from 2000 showed marked temporal lobe atrophy that was each of the four patients on age and years of education.
strongly lateralised to the left side. She performed at or near They were tested on list lengths from four to nine items for
floor on tests of semantic memory and was severely anomicall three types of material. The materials were presented in
in both picture naming and spontaneous speech. Howeverplocks using an ABCCBA design.
she frequently used numbers in conversation; for example,
to describe the age of her grandchildren. In contrast to her3.2. Results
semantic impairments, she remained well oriented in time
and place, and her memory for recent events was excellent3.2.1. Recall accuracy
Her verbal STM was normal as assessed by forwards and Fig. 1 shows the percentage of single-digit numbers and
backwards digit span. At the time of testing, she appearedwords recalled in the correct order by patients and controls.
to have good single word phonology. She was impaired Table 2indicates span for all the materials tested in this
on tests of non-verbal reasoning and visuospatial process-series of experiments, and shows that the pattern of results
ing, but she did not show signs of disinhibition or other was similar whether performance was measured in terms of
behavioural changes. list or item accuracy.
The controls recalled the single-digit numbers better than
the words, even though they were matched for frequency,
3. Experiment 1: immediate serial recall of single-digit imageability and set size. The advantage for numbers was
numbers and matched words reliable relative to both the first set of frequency matched
words ¢(11) = 7.63, P < 0.001) and the second set of
This experiment aimed to determine whether the ISR frequency and imageability matched wordél() = 9.10,
difference between single-digit numbers and non-number P < 0.001). There was no difference in recall between the
words would persist when the items were matched for length, two sets of non-number words({1) < 1). The patients

frequency, imageability and set size. also showed better recall of the numbers than the words.
For all four patients, statistical contrasts between the recall
3.1. Method of single-digit numbers and both sets of non-number words

were significant atP < 0.001, with independent-samples

Nine words were matched on an item-by-item basis to the t-values ranging from 3.43 to 10.65. None of the patients
digits one to nine for syllable length and word frequency showed a significant recall difference between the two sets
using lemma counts from the Celex databaBaalyen, of non-number words (all < 1). These analyses collapsed
Piepenbrock, & van Rijn, 1993 Many of these high fre-  across list length.
guency words were abstract in nature, so a second set of Fig. 1shows that the patients had normal single-digit re-
words was selected to match for frequency, imageability and call but impaired word recall relative to the controls. The
syllable length using imageability counts from the MRC recall of single-digit numbers was within the normal range
psycholinguistic databas€¢6ltheart, 198). These two sets  for EK, GT and MK, while PD actually outperformed the
of words are reproduced iippendix A controls. In contrast, GT and MK had markedly impaired

A variety of list lengths were tested. There were ten lists word recall that fell below the normal range. EK’s word re-
at each length. The length of the lists depended on eachcall scores were right at the bottom of the normal range.
patient’s ISR abilities. EK was tested on four to seven items. PD’s word recall was within the normal range, but she had
GT was tested on four to eight items. PD had an exceptionalan exceptional digit span, and thdference between digits
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EK’s recall of digits and words GT’s recall of digits and words

100 100 A
< 80+ S 501
5 2 —{1— Patients: Numbers*
g 60 T 60 - ,
= ] o— Patients: Frequency

©v *

E 40 1 g 40 matched words
= = A _Patients:‘F‘requency and .

20 . . : . : : : , 20 : : : : : : : . imageability matched words
(@) 2 3 4 5 6 7 8 9 (b) 2 3 4 5 6 7 8 9 * Data points below control

. range denoted by filled black
List length List length shapes
PD’s recall of digits and words MK s recall of digits and words B Controls: Numbers
Controls: Frequency
100 1 ——

100 1 matched words
& 80 4 S 80 Controls: Frequency and
?8/ T imageability matched words
T 601 g 601
5 40- 5 40

20 T T T T T T T 1 20 T T T T T T T 1
(c) 2 3 4 5 6 7 8 9 (d) 2 3 4 5 6 7 8 9

List length List length

Fig. 1. (a—d) Recall of single-digit numbers and matched words by patients and controls in Experiment 1.

and words fell outside the normal range on some list lengths. There was, however, no straightforward way to compare
The maximum difference between the percentage of digits the patients’ digit and word errors because, except for very
and words recalled by the control participants was 36%. The long list lengths, the patients were at ceiling on digit recall.

largest difference was 34% for EK, 54% for GT, 37% for On lengths where the patients made enough digit errors to

PD and 46% for MK. analyse, their performance on the word items was abysmal.
If digit and word errors were compared at a fixed length,
3.2.2. Errors committed on single-digit numbers and words observed differences could result from the discrepancy in

If the difference between digit and word span corresponds difficulty. Therefore, digit and word errors were compared
to an ISR difference between known and degraded items,on list lengths that were just above span for the two types
fewer phonological errors should occur in digit span, as the of material.
more robust long-term representations of these items should Incorrect responses were categorised as omission, order,
help to hold their phonology in plac@étterson et al., 1994 repetition, intrusion, phonological and unrelated errors.

Table 2
Spans for the number and non-number words used in Experiments 1-3

EK GT PD MK Control mean (range)
Single-digit numbers (Experiment 1) 6 7 8 6 6.08 (5-8)
High frequency words 1 (Experiment 1) 4 az <5P 32 4.75 (4-7)
High frequency words 2 (Experiment 1) 4 as 5 3 4.67 (4-6)
Low frequency numbers (Experiment 2) 3 3 - a2 3.67 (3-4)
Low frequency words 1 (Experiment 2) a2 22 - 12 4.08 (3-5)
Low frequency words 2 (Experiment 2) 3 3 - az 4.33 (3-5)
Numbers (Experiment 3) 4 4 - 3 3.83 (3-5)
Face-parts (Experiment 3) a3 3 - 12 4.75 (4-6)

Span was defined as the length at which at least half the lists were repeated correctly. Words 1: frequency matched. Words 2: frequency and imageability

matched (Experiment 1) or frequency matched and high imageability (Experiment 2).
aDenotes abnormal performance.
bPD was above span on six items, but shorter lengths were not tested.
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Table 3
Errors on single-digit numbers and words in Experiment 1
Condition EK GT PD MK Control mean (range/maximum)

Dig W1 W2 Dig W1 W2 Dig¢ WI1® W2 Dig W1 W2 Dig w1 w2
Span 6 4 4 7 2 3 3 <5 5 6 P 3 61(5-8) 4.8 (4-7) 4.7 (4-6)
No. of items 210 150 150 240 90 120 170 110 180 210 120 120 212.5(180-270) 172.5 (150-240) 170.0 (150-210)
Phonological 0 5 & o0 1@ 21° o0 21 0 280 22 o0 2.9 (13) 0.8 (4)
Unrelated 0 1 1 0 2 2 0 0 5 0 P9 g o0 0.3 (2 0.9 (5)
Omission 9 13 14 14 1 0 7.5 18 26 18 5 2 11.3 (35) 13.3 (40) 13.4 (25)
Order 27 12 20 15 O 2 255 6 20 13 0 0 14.8(29) 10.9 (25) 10.3 (20)
Repetition 100 0 2 13 0 1 2X5 105 6 6 3 1 7.6 (20) 5.8 (13) 4.7 (16)
Intrusion 3 4 2 2 1 1 0 6 1 8 4 0 3.8(10) 8.4 (18) 10.2 (22)

Dig: single-digit numbers; W1: frequency matched words; W2: frequency and imageability matched words. Figures refer to the total number of errors.
aFewer data contributed to PD’s scores, so they were scaled up (multiplied by 1.5) to allow a rough comparison with the other patients and controls.
b Denotes abnormal performance.

Omission errors were calculated by subtracting correct re- from their own digit recall. For GT, PD and MK, the number
sponses and other error types from the number of itemsof phonological errors exceeded the control range on both
presented. Responses were counted as an order error if thevord sets. For EK, the number of phonological errors was
word produced was a target word occurring somewhere elseoutside the control range on the second word set. MK also
in the sequence. Repetition errors were target words pro-made a large number of unrelated errors that failed to reach
duced more than once. Intrusion errors were items presenteahe criterion for a phonological error but may have occurred
in a previous list. A phonological error reproduced at least for similar reasons. In contrast, the numbers of omission,
50% of the phonemes from the target word (e.g., ‘bread’ order, repetition and intrusion errors were within the normal
‘bed’, ‘sorry’ — ‘forry’). Unrelated errors did not fall into  range.
any of these categories. Errors of this type were most com- For all four patients, there were reliable differences be-
monly patient responses that did not reach the criteria for atween the pattern of errors in digit and word recall. Out of
phonological error (e.g., ‘councit~> ‘cathert’). eight possible contrasts between a patient’s pattern of er-
Table 3indicates the total number of errors of each type, rors in digit versus word recall (digits versus word set 1 and
for each individual patient and for the controls as a group, digits versus word set 2 for each of the four patients), all
across three list lengths: span, and one and two items beyoneight revealed a statistically reliable differencePat 0.01
span. Span was defined as the longest length at which ator less, with chi-squared values ranging from 14.5 to 74.6.
least 5/10 lists were repeated correctly. PD was not testedFurthermore, the standardised residuals for phonological er-
on all the lengths necessary for this method. She was notrors on the non-number words were high in all cases, sug-
tested on numbers at a length of two items beyond span, orgesting that this error category was a major contributor to
on lengths short enough to obtain span for the first set of the significant chi-squared values.
words. PD’s digit scores are an amalgamation of span and
one length beyond span, and her scores on the first set 0f3.3. Discussion
words are a combination of the two shortest lengths tested.
Fewer data contributed to PD’s scores, so they were scaled The four SD patients had normal digit spans but impaired
up (multiplied by 1.5) to allow a rough comparison to be word spans, even when the materials were matched for fre-
made with the other patients. quency, imageability, word length and set size. In addition,
The error rates of all four patients on were either within the phonological errors occurred frequently in word span but
normal range or nearly normal for the recall of single-digit extremely rarely in digit span. These differences are remi-
numbers. The majority of errors were omissions, order er- niscent of those reported previously for known and degraded
rors, repetitions and intrusions, for both patients and con- words Knott et al., 1997; Patterson et al., 1994
trols. There was virtually a complete absence of phonologi-  The results of this experiment leave us with a puzzle—why
cal and unrelated errors for both groups. The controls’ errors are SD patients normal at repeating sequences of single-digit
on non-number words followed a similar pattern, although number words but impaired at repeating non-number words
there were more intrusions (word sets{11) = 3.55, P < if this difference cannot be accounted for by frequency,
0.01; word set 2r(11) = 4.09, P < 0.01) and more unre-  imageability, word length or the number of items in the
lated errors (word set ¥(11) = 2.91, P < 0.05; word set  set? The following experiments investigated other possi-
2:1(11) = 2.42, P < 0.05) in word recall. ble reasons for the difference, in particular the idea that
The four patients showed a pattern of errors in word recall SD patients understand number words better than they do
that was very different both from controls’ word recall and non-number words.
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4. Experiment 2: immediate serial recall of low 13, not 37) were selected using the Celex databAaayen
frequency multi-digit numbers and matched wor ds et al., 1993 The numbers were compared with words
matched on an item-by-item basis for syllable length and
This experiment examined the ISR for lower frequency frequency. Imageability ratings were not available for many
multi-digit number words, like billion and ninety, together of these words (using the MRC corp@pltheart, 198}, so
with matched non-number words. Multi-digit numbers are a second set of frequency matched, high imageability words
expected to be recalled and comprehended more poorlywas selected. The items are reproducedppendix B
than single-digit numbers because (1) low frequency words As in Experiment 1, the lists of numbers and words were
and concepts typically degrade earlier in the course of SD yoked so that matched items appeared in the same position
(Funnell, 199% and (2) multi-digit numbers refer to more  Wwithin a list. There were 10 lists at each length. EK and
difficult numerical conceptsDehaene & Mehler, 1992 GT were tested on list lengths from two to seven items,
However, lower frequency non-number words should also and MK was tested on two to six items (as her performance
engender poor recall if semantics makes a major contribu-was poorer). In every case, the numbers and both sets of
tion to phonological coherence, and hence the difference words were tested at each list length. MK was additionally
between the material types might remain. tested on a single item from the first set of non-number
This experiment also addressed one concern about the inwords, to determine her span in this condition. PD was not
terpretation of the previous study. In Experiment 1, both the available to participate in this or subsequent experiments.
healthy controls and the SD patients showed better recallThe numbers and frequency matched words were tested in
of single-digit numbers than non-number words; therefore, blocks using an ABBA design. The frequency matched, high
it is possible that the patients’ specific ISR impairment for imageability words were tested separately. The 12 control
non-number words occurred simply because this task wasparticipants described for Experiment 1 were also tested on
harder. The use of lower frequency multi-digit numbers and these materials, using list lengths from three to eight items
matched words circumvented this problem, because the nor-arranged in an ABCCBA design.
mal recall advantage for number words was eliminated.
4.2. Results
4.1. Method
4.2.1. Recall accuracy
The nine lowest frequency number words in English that  Fig. 2indicates the number of items recalled in the correct
were whole words rather than compounds of words (e.g., order by patients and controls. In contrast to Experiment 1,

EK’s recall of low frequency numbers and words GT’s recall of low frequency numbers and words
100 7 100 q
g 80 3 80
3 § 3 i
?3 60 = 60 —F Patients: Numbers*
|53

=40 S 40
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Fig. 2. (a—c) Recall of low frequency multi-digit numbers and matched words by patients and controls in Experiment 2.
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the control participants did not show an advantage for re- 2.63, P < 0.01). Neither EK nor GT showed a significant
peating multi-digit number words over non-number words. difference between the two sets of words (EKL18) =
In fact, they showed a highly significant advantage for re- 1.38, n.s.; GT:#(117) = 1.57, n.s.). However, in all three
peating the non-number words over the low frequency num- patients, the difference between the two sets of words was
bers (collapsing across list length: numbers versus word setlarger on some lengths than the maximum observed in con-
1: +(11) = 6.55, P < 0.001; numbers versus word set 2: trol participants (14%), suggesting an enhanced effect of
t(11) = 8.74, P < 0.001). In addition, the controls recalled imageability in the ISR of these patients. This result is
the higher imageability words (set 2) more accurately than consistent with previous findingg€fferies, Frankish et al.,
the lower imageability words (set X(11) = 5.51, P < submitted-aKnott et al., 1997.
0.001).

EK showed an ISR advantage for the numbers over the 4.2.2. Errors committed on numbers and words
first set of words which approached significance (collapsing  Errors were analysed in the same way as for Experiment 1
across list lengthz(114) = 1.94, P < 0.06). She showed but with one difference. For the low frequency number lists,
no difference between the numbers and the second set oboth the patients and controls sometimes produced num-
words ¢(113 < 1). GT's ISR performance on the num- ber words that were not in the set, but shared 50% of their
bers was significantly better than for the first set of words phonemes with a target number. These errors met the cri-
(1108 = 3.17, P < 0.01) and no different from the second terion for a phonological error because of the phonologi-
set of words (112 = 1.53, n.s.). MK recalled the num-  cal overlap between numbers like ‘thirteen’ (in the set) and
bers better than the words from both set:®@8) = 5.07, ‘sixteen’ (not in the set). However, they did not appear to re-
P < 0.0001) and set 2(98) = 2.22, P < 0.05). Therefore, sult from the migration, substitution, addition or deletion of
all three patients recalled the numbers as well as or betterphonemes, and were therefore placed in a separate category
than the non-number words, whereas the controls recalledof number intrusions from outside the set.
the non-number words more accurately than the numbers.  Table 4gives the number of errors made by the patients

ISR for the numbers was within the normal range for and controls in each category, combining across three list
GT, whereas EK was mildly impaired (her recall was lower lengths: span, spa#l and spant+-2 items. The controls’
than the control mean, and dipped below the lowest control recall of the number words was characterised by frequent
score on a few list lengths). MK was more substantially be- intrusions, from both inside and outside the set, and by omis-
low the normal range for number words. However, all three sion and order errors. They made a similar pattern of errors
patients showed a much greater impairment in their recall on the low frequency words, although within-set intrusions
of non-number words. EK and MK were very severely im- were less numerous than for numbers (word setllt) =
paired on both sets of non-number words, with recall falling 5.67, P < 0.001; word set 2r(11) = 2.61, P < 0.05). In
substantially below the normal range on every length tested.addition, there were more omission errorél() = 3.11,
Recall of the non-number words was below the normal range P < 0.05), phonological errorst(l1) = 2.22, P < 0.05)
for GT in parts of the dataset. Moreover, all three patients and unrelated errors(l1) = 2.42, P < 0.05) on the lower
showed an advantage for number over word recall that wasimageability words (set 1) compared with the numbers.
much larger than the maximum observed in the controls The patients’ errors on the non-number words were dif-
(3%). The maximum advantage for number over word recall ferent in nature to those made by controls. The number of

was 19% for EK, 30% for GT and 33% for MK. phonological errors greatly exceeded the normal range on
MK recalled the high imageability words (set 2) more ac- both sets of non-number words for all three patients. In ad-

curately than the low imageability words (set 19() = dition, the patients with more severe semantic impairments
Table 4
Errors on low frequency numbers and words for patients and controls in Experiment 2
Condition EK GT MK Control mean (maximum)

Num W1 W2 Num W1 W2 Num W1 W2 Num w1 W2
Span 3 2 3 3 2 3 2 12 22 367 (3-4) 4.1 (3-5) 4.3 (3-5)
No. of items 120 90 120 120 90 120 90 60 90 140 (120-150)  152.5 (120-180) 160 (120-180)
Phonological 0 13 8 42 172 267 42 22 242 0.2 (2) 2.8 (12) 0.4 (2)
Unrelated 0 0 1 0 1 5 1 2 F 021 1.0 (3) 0.1 (1)
Omission 7 0 15 6 1 4 0 8 9.3 (17) 15.2 (29) 13.9 (30)
Order 6 1 9 1 0 1 0 0 0 8.8 (14) 8.8 (19) 10.0 (17)
Repetition 2 0 1 0 0 1 0 0 1 3.7 (8) 3.6 (10) 3.8 (10)
Within set intrusion 12 0 2 10 0 2 13 0 0 12.8(19) 6.6 (17) 9.1 (21)
Number intrusion 12 - - 5 - - 5 - - 10.3 (17) - -

Num: numbers; W1: frequency matched words; W2: frequency matched, high imageability words. Figures refer to the total number of errors.
aDenotes abnormal performance.
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made larger numbers of phonological errors. In contrast, thecould be directly compared in naming and word-picture
numbers of omission, order, repetition, and intrusion errors matching tasks, allowing us to investigate whether the ISR
did not exceed the normal range. The number of unrelateddifference between number and non-number words corre-
errors also exceeded the normal range for GT and MK in the sponded to a difference in comprehension. The results of
second set of non-number words. The patients’ errors on thethese semantic tasks are discussed in a separate section be-
multi-digit number words were more similar to those made low. Secondly, both the humber and face-part words were
by controls. The numbers of omission, order, repetition and drawn from closed semantic categories. In the experiments
intrusion errors (from within and outside the set) did not above, the number words were drawn from a single semantic
exceed the normal range. However, the more severely im-category, whereas the non-number words were drawn from
paired patients, GT and MK, made slightly more phonolog- many semantic categories, making the non-number words
ical errors on the number words than the controls. Evidence less predictable. This experiment examined whether the su-
is presented below to suggest the patients’ comprehensiorperior recall of number words would persist after matching
of low frequency multi-digit numbers was impaired, consis- for this feature. Thirdly, it could be argued that the num-
tent with an association between semantics and phonologi-bers in Experiment 1 were more imageable than the words
cal errors in ISR within the number domain. they were matched with, because it is apparently easier to
As in Experiment 1, there were reliable differences be- form a mental image of an Arabic numeral, e.g., ‘3", than a
tween the pattern of errors in number and word recall for word with an intermediate imageability rating, e.g., ‘small’.
every patient. Out of six possible contrasts between the However, the face part words used in this experiment were,
patients’ pattern of errors in number versus word recall according to published ratings, considerably more image-
(numbers versus word set 1 and numbers versus word set Zble than the digits 1 to 9. Consequently, if the advantage
for each of the three patients), all six revealed a statistically for number words persists in this experiment, it is unlikely
reliable difference atP < 0.001, with chi-squared values to result from enhanced imageability effects in the patient
ranging from 27.3 to 57.1. The standardised residuals for group.
phonological errors on the non-number words were high in

every case. 5.1. Method
4.3. Discussion Twelve number words (whole words rather than com-
pounds) were compared with twelve face-part words in an
ISR task. The items were matched as closely as possible for
frequency using the Celex databag&adyen et al., 1993

It did not prove possible to match the groups for syllable
length; the number words were significantly longer. The
face-part words also had higher imageability ratings in the
MRC online corpusColtheart, 1981see above). However,
these two differences should reduce the recall advantage for
number words shown by SD patients. The items are repro-
duced inAppendix C

EK was tested on lists containing three to seven items.
T and MK were tested on lists containing two to seven
items. MK was additionally tested on a single face part word.
The twelve controls were tested on lists containing three
to eight items. Ten lists were tested at each length. In list
construction, the number and face-part words were yoked
so that matched items appeared in the same position in the
lists. The numbers and face-part words were tested in blocks
using an ABBA design.

Two patients were mildly impaired at recalling the low fre-
quency multi-digit numbers relative to controls, but all three
patients were much more impaired at recalling the matched
non-number words, making the difference between the ma-
terials greater in the patients than controls. Moreover, the
quantity and quality of the patients’ errors were similar to
those of the control participants on the number words, but
the patients made many more phonological errors than the
controls on the non-number words. The patients’ abnormal
ISR advantage for numbers extended beyond single digits
to low frequency multi-digit numbers. This is a potentially G
important finding because digit span can be preserved in pa-
tients with otherwise severe aphas@ofien, Verstichel, &
Dehaene, 1997 suggesting that the ability to repeat digits
may be over-learned or automated and therefore protected
It seems unlikely that low frequency numbers could be au-
tomated in the same way and therefore this possibility does
not provide an adequate account of the data.

5. Experiment 3: immediate serial recall of numbers 5.2. Results
and face-part words
5.2.1. Recall accuracy

A third experiment examined recall of middle frequency, Fig. 3shows the percentage of number and face-part items
mostly multi-digit numbers and frequency-matched words recalled in the correct order by the patients and controls,
that loosely fitted into the category of ‘face or head parts’ (for andTable 2indicates span for these materials. The controls
example, mouth, fringe, beard). This study had several aims.recalled the face-part words better than the numbers, consis-
First, comprehension of the number and face-part words tent with the shorter length and higher imageability of the
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Fig. 3. (a—c) Recall of face parts and matched number words by patients and controls in Experiment 3.

items in the former set(11) = 7.94, P < 0.001). In con- 5.2.2. Errors on number and face-part words

trast, the patients showed better recall of the numbers than Errors were categorised as for Experiment 1, with the
the face-parts (EKz(92) = 3.24, P < 0.01; GT:#(114) = additional category of ‘outside-set intrusions’ (i.e., number
451, P < 0.0001; MK:#(116) = 7.40, P < 0.0001). These  words and parts of the head or face that were not included in
analyses collapsed across list length. Recall of the numberthe experimental set). Errors were placed in these categories
items was within the normal range for all three patients on even if they also met the criteria for a phonological error.
every length tested. In contrast, recall of the face-part words Table 5shows the number of errors of each type produced
was below the normal range for all three patients, on almost by patients and controls, combining across span, sphn
every length tested. Moreover, all three patients showed anand spant-2 list lengths.

advantage for number over word recall that was much larger The controls largely made intrusion, omission and or-
than the maximum observed in the controls (32% for EK, der errors for both numbers and face-parts. Several error
38% for GT and MK, 5% for the controls). types were more numerous for face-parts than for numbers,

Table 5

Errors on numbers and face-part words for patients and controls in Experiment 3

Condition EK GT MK Control mean (max)

Num Word Num Word Num Word Num Word
Span 4 3 4 F 3 12 3.8 (3-5) 4.75 (4-6)
No. of items 150 120 150 120 120 60 145 (120-180) 172.5 (150-210)
Phonological 1 17 1 34 0 15 0 0.1 (1)
Unrelated 0 1 0 12 0 P 0 0.1 (1)
Omission 9 15 4 0 4 0 8.3 (19) 15.8 (44)
Order 3 5 5 0 4 0 4.1 (9) 9.8 (18)
Repetition 2 0 3 0 1 0 1.6 (5) 3.6 (9)
Within set intrusion 13 1 14 0 7 0 9.3 (21) 14.1 (25)
Outside set intrusion 10 0 8 0 14 0 10.5 (17) 0.1 (1)

aDenotes abnormal performance. Figures refer to the total number of errors.
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including omissions#(11) = 2.38, P < 0.05), order errors  categories. However, numbers occur in a sequence and are
(¢(11) = 3.53, P < 0.01), repetitions ((11) = 3.02, P < represented by single characters, and these characteristics

0.05) and within-set intrusiong(1) = 2.94, P < 0.05). could also aid recall. Moreover, in some neurological pa-
Intrusions from outside the set were more numerous for the tients, knowledge of number sequence patterns with other
numbers ((11) = 10.19, P < 0.001). ordered series, such as days of the week or months of the

The three patients had a virtually normal pattern of errors year Cipolotti et al., 1991; Dehaene & Cohen, 1997; Thioux
for the number words. Omission, order, repetition, within et al., 1998. A fourth experiment compared ISR for let-
and outside-set intrusion and unrelated errors were within ters with the single-digit numbers and matched non-number
the normal range. The patients’ errors on the face-part wordswords used in Experiment 1, as letters share these unusual
were different in nature. All three patients made a large num- properties. This experiment also compared phonologically
ber of phonological errors that greatly exceeded the normal similar and dissimilar letters. If SD patients have intact
range, and the number of unrelated errors was also above th@honological STM capacities, as is generally assumed, then
normal range for GT and MK. In contrast, the numbers of they, like normal participants, should show poorer recall of
omission, order, repetition and intrusion errors were within phonologically similar than dissimilar items; an effect which
the normal range. is typically attributed to phonological coding in STM (e.g.,

Error patterns on the number and face-part words were Conrad & Hull, 1963.
significantly different for all three patients (EK¢?(1) =
4251, P < 0.001; GT: x3(1) = 85.79, P < 0.001; MK: 6.1. Method
x%(1) = 5885, P < 0.001). The standardised residuals were
high for phonological errors on the face-part words in every  Following Knott et al. (2000) the patients and twelve
case, suggesting that the large number of phonological errorscontrols were asked to repeat lists of four and six letters
on these words underpinned the difference in error patterns.from the phonologically similar setE, C, T, P, V, B, G, D or

the phonologically dissimilar set S, Q, Y, R, J, F, W, L. The
5.3. Discussion set size was limited to eight items because there are only
eight phonologically similar letters. There were twenty lists

As in the previous two experiments, the patients recalled at each length divided equally between the phonologically
the number words at relatively normal levels, but were sig- similar and dissimilar sets. The similar and dissimilar letters
nificantly impaired at recalling the non-number face-part were presented in blocks using an ABBA design.
words. In addition, the patients made many more phono-
logical errors than the controls on the non-number words 6.2. Results
but not on the number words. The ISR difference between
number and non-number words remained in this experiment Table 6shows the number of phonologically similar and
when both sets of items were drawn from closed semantic dissimilar letters recalled in the correct order, together with
categories. scores for single-digit number words and high frequency

non-number words (second set) from Experiment 1.

6. Experiment 4: immediate serial recall of letters 6.2.1. Comparison of letter, digit and word recall
The controls’ letter recall was intermediate between ISR
Experiments 1-3 suggest that number repetition is rel- for single-digit numbers and non-number words. They re-
atively intact in SD compared with word repetition, even called the digits better than both the phonologically similar
when the materials are broadly equated for word length, fre- and dissimilar letters(11) = 8.37, P < 0.0001 and(11) =
quency, imageability, set size, and open or closed semantic3.37, P < 0.0001, respectively). The high frequency words

Table 6
ISR for letters, digits and frequency-matched words

EK GT MK Controls mean (range)
Four similar letters 20 85 73 82.7 (63-98)
Four dissimilar letters 100 90 83 96.5 (85-100)
Four digits 100 100 100 99.6 (95-100)
Four words (set 2, Experiment 1) 95 83 682 97.5 (87-100)
Six similar letters 68 75 53 70.1 (53-82)
Six dissimilar letters 87 82 72 83.8 (72-97)
Six dissimilar—similar letters 18 7 18 13.6 (5-23)
Six digits 90 100 90 88.7 (70-100)
Six words (set 2, Experiment 1) 60 53 48 74.0 (55-90)

Note: Figures indicate percentage of items recalled in correct order.
aDenotes abnormal performance.
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were recalled more poorly than the phonologically dissimilar from a intact understanding of spatial relations (€swers,
letters ¢(11) = 3.53, P < 0.01) but more accurately than Reynvoet, & Fias, 2003
the similar letters#(11) = 4.15, P < 0.01). All three patients exhibited an effect of phonological sim-
The patients showed a comparable pattern. All three ilarity that fell within the normal range, consistent with the
patients recalled the single-digit numbers at a higher level suggestion that SD patients use normal phonological en-
than the phonologically similar letters (EK32) = 3.71, coding in STM and that semantic rather than phonological
P < 0.001; GT:#(19 = 5.90, P < 0.0001; MK: #(35) = impairments are the cause of their poor verbal STM (see
7.84, P < 0.001). Two of the patients also showed bet- Jefferies, Jones et al., submitteld-bhis finding also sug-
ter ISR for digits than phonologically dissimilar letters gests that any differences in phonological similarity between
(GT: (19 = 390, P < 0.001; MK: #(33) = 4.02, the number and non-number words used in Experiments 1-3
P < 0.001; EK: #(38) < 1). In addition, in every case, should have had comparable effects on the ISR of the pa-
the phonologically dissimilar letters were recalled more tients and controls.
accurately than the non-number words (EKR7) = 2.80,
P < 0.01; GT:#(35 = 2.96, P < 0.01; MK: #(36) = 3.31,
P < 0.01). GT showed better recall of phonologically 7- Number comprehension and processing
similar letters than non-number words(34) = 2.04,
P < 0.05), whereas EK and MK showed no difference Experiments 1-4 indicate that SD patients have rela-
between these conditions (EK(32) < 1; MK: #(34) = tively intact ISR for numbers and more impaired ISR for
1.01, n.s.). These analyses combined data from both listnon-number words. Substantial and reliable ISR differences
lengths. were observed for every patient, and these were largest in the
Table 6indicates that EK and GT showed normal recall patient with the most severe semantic impairment. The ISR
of phonologically similar and dissimilar letters. Therefore, difference was not eliminated by matching for frequency,
these two patients had intact digit and letter repetition abili- imageability, word length, set size or open versus closed
ties, butimpaired word repetition abilities. The most severely semantic category, suggesting that these factors cannot ac-
impaired patient, MK, had mildly impaired letter repetition count for the pattern of results. This section examines the
abilities in the context of severely impaired word repetition patients’ knowledge of numbers to investigate the possibil-
and normal digit repetition. MK, unlike the other two pa- ity that ISR for these items is specifically preserved because
tients, was impaired on the degraded letters sub-test in thecomprehension of numbers is relatively intact in SD.
VOSP. She was only able to name ten out of twenty de- There were four elements to these investigations of num-
graded letters, suggesting that she may have had difficultyber processing. First, naming and word-picture matching
recognising their visual forms. MK was also unique in that tasks were devised for the number and face-part words used
she made a number of phonological errors and non-letter in-in Experiment 3, to establish if the superior ISR for num-
trusions in the letter span task (for example, she recalled Gbers corresponded to better comprehension. Secondly, the
as ‘chee’, and she recalled Q as ‘car’ and then changed itpatients’ ability to transcode between Arabic numbers and
to ‘R’). Therefore, it seems that MK’s letter repetition may spoken number words was assessed for the items used in
have been impaired because her knowledge of letters wasExperiments 1-3. Thirdly, the patients’ understanding of the

degraded. numbers used in the first three experiments was assessed us-
ing sequence and magnitude judgement tasks, providing a
6.2.2. Phonological similarity effects means of evaluating the idea that their poorer recall of lower

The controls showed a highly significant effect of phono- frequency multi-digit numbers corresponded with poorer
logical similarity ¢(11) = 7.94, P < 0.0001), combining comprehension. Finally, the patients’ abilities to understand
across list lengths. EK and MK also showed better recall and manipulate numbers were explored more generally. On
of phonologically dissimilar items(35) = 3.33, P < 0.01 most of these tests, the performance of controls was at ceil-
and 1(37) = 2.86, P < 0.01 respectively). The numeri- ing, and therefore only one age and education-matched con-
cal difference between phonologically similar and dissimi- trol was tested for each patient unless otherwise stated.
lar items failed to reach significance for G38) = 1.17,

n.s.). However, the recall difference between phonologically 7.1. Comprehension of number and face-part words
similar and dissimilar letters was within the normal range

for all three patients (se®able §. 7.1.1. Method
Naming and word-picture matching tests were devised
6.3. Discussion for the number and face-part words used in Experiment 3.

The numbers were represented pictorially as dots; tens were

The patients’ relatively intact recall of letters is consistent depicted as clusters of ten dots, and units were depicted as
with the notion that ISR is selectively preserved for items single dots. The patients were asked to provide a name for
that form an ordered series. It is possible that ordered se-each dot picture in turn. They were also shown the complete
quences are preserved in SD because they derive supporset of twelve pictures together and were asked to point to
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Table 7

651

main may be relatively intact in SD and that this is the

Naming and word-picture matching using the number and face-part words primary basis for the ISR difference between number and

from Experiment 3

Maximum EK GT MK
Naming: numbers 12 12 12 12
Naming: face-parts 11 ¥ 62 3?
Word-picture matching: numbers 12 12 12 211
Word-picture matching: face-parts 11 ag 1 52

aDenotes abnormal performance.

non-number words.

7.2. Transcoding of single-digit and lower frequency
multi-digit numbers

7.2.1. Method
The patients were asked to read aloud and write Arabic
numerals for each of the number words used in Experiments

the picture that represented a particular number word. The1-3. An inability to perform these transcoding tasks might
face-part tests used a picture of an entire face. The patientsndicate that the patients did not comprehend the words used
were asked to name the face-parts that were indicated byin the ISR experiments. There is controversy, however, about
arrows. In word-picture matching, the patients were asked the extent to which transcoding tasks rely on ‘semantic’

to select the arrow that pointed to a particular face-part.
The item ‘brow’ was replaced by another face-part in the
word-picture matching test, as it was not pictorially distinct
from ‘forehead’.

7.1.2. Results

The three controls performed without errdable 7gives
the results for the patients. All three patients were virtually
at ceiling on naming and word-picture matching with num-

representations of numbeC€ipolotti & Butterworth, 1995;
Dehaene, 1992; Dehaene & Cohen, 1995; Deloche & Seron,
1982.

7.2.2. Results

The results are summarisedTiable 8 The patients were
able to translate between spoken number words and Ara-
bic numbers almost without error; only the items ‘billion’
and ‘trillion’ created difficulties. The milder patients showed

ber words. In contrast, all the patients were impaired on the some understanding that these words represented large num-
face-parts. Their naming errors consisted of omissions andpers (e.g., EK wrote billion as 10000).
semantically-related responses. The patients performed sig-

nificantly better with the numbers than with the face-parts

7.3. Comprehension of single-digit and lower frequency

when the results for naming and word-picture matching were multi-digit numbers

combined (EKx%(1) = 6.71, P < 0.01; GT, x2(1) = 5.32,
P < 0.05; MK, x2(1) = 15.87, P < 0.0001).

7.1.3. Discussion

7.3.1. Method

Two tests examined comprehension of the single-digit
number words used in Experiment 1 relative to the lower

There was a comprehension difference between the num-frequency multi-digit numbers used in Experiments 2 and 3.
ber and face-part words, even though these items wereFirst, the patients were asked to arrange cards with the num-

matched for frequency. This suggests that the number do-

Table 8

ber words printed on them in numerical order. The number

Comprehension and processing of the number words used in Experiments 1-3

Experiment 1:

Experiment 2: low Experiment 3: medium

single-digit frequency multi-digit frequency, mostly multi-digit
Maximum 9 9 12
EK Reading numerals 9 7 12
Writing numerals 9 7 12
Ordering numbers 9 6 1128
Which number is closest? ag 7 82
GT Reading numerals 9 7 12
Writing numerals 9 7 12
Ordering numbers 9 8 12
Which number is closest? 9 az 118
MK Reading numerals 9 7 12
Writing numerals 9 7 12
Ordering numbers 9 &S] 17
Which number is closest? a7 28 8
Controls Reading numerals 9 9 12
Writing numerals 9 7-9 12
Ordering numbers 9 9 12
Which number is closest? 9 9 12

2Denotes abnormal performance.
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words were read aloud by the experimenter throughout thenumbers used in Experiments 1-3. First, the patients’ num-
test. Secondly, the patients were asked to select the numbeber knowledge was examined using a numerical comparison
out of four that was closest to a target. For example, they task. In addition, their calculation abilities were assessed
were asked ‘Which number is nearest to five: eight, nine, in two tasks; they were given arithmetic questions to solve
two or three?’. The correct response could be either larger (e.g., ‘11+ 8, ‘4 x 1) and they were asked to provide the
or smaller than the target. The alternatives were drawn from next number in sequences like ‘4, 7, 10, 13, ?’, where the
the same experimental set of numbers as the target. Thenumber series itself specified the operation required to gen-
numbers were simultaneously read aloud and presented agrate the next number.

written number words. It should be noted that these tasks

may tap separable aspects of number knowleBgtaizer & 7.4.1. Number comparison task

Butterworth, 199Y. This task required patients to judge which of two numbers
was numerically larger. There were twenty questions. Six
7.3.2. Results involved comparisons between single-digit numbers (e.g., 9

The results are summarisediable 8 The patients were  and 2), two involved one versus two-digit numbers (e.g., 7
able to place the digit words in the correct order, but unlike and 13) and eight involved comparisons between two-digit
controls, they made some errors on the mid-frequency num-numbers (e.g., 10 and 16). In addition, two involved two-
bers from Experiment 3, and a larger number of errors on versus three-digit numbers (e.g., 105 and 89) and two in-
the low frequency numbers from Experiment 2. Some of the volved comparisons between three-digit numbers (e.g., 948
patients’ errors appeared to result from confusions betweenand 199). All four patients were tested on this task. In ev-
‘-teen’ words like ‘thirteen’ and ‘fourteen’, and ‘-ty’ words  ery case, their performance was errorless suggesting that the
like ‘thirty’ and ‘forty’ (e.g., 16 — 70 — 18) but some did  patients’ difficulties with the ‘which number is nearest task’
not (e.g., 80— 90 — 70 — 19). MK was very slow at this ~ may have resulted from the fact that multiple comparisons
task and appeared to be using an ineffective ‘counting up’ and/or calculation were required. In addition, it is possible
strategy that was successful with single-digit numbers but that the use of Arabic numbers rather than printed humber
not larger numbers. words facilitated the patients’ performance in this task, es-

The patients performed even more poorly on the ‘which pecially when the two numbers to be compared were differ-
number is nearest’ task. EK and MK made errors on this task ent lengths (e.g., comparisons between two- and three-digit
even when it involved single-digit numbers. When the pa- numbers).
tients made errors, they largely selected the distracter second
nearest to the target for single-digit numbers and medium 7.4.2. Arithmetic questions
frequency numbers (9/12 errors across the patients), sug- The four patients were asked to solve 108 calculations,
gesting that they knew, at least approximately, about the written out on paper. They were allowed to write down their
sequence of numbers and their magnitudes. They showedvorkings. There were 27 calculations for each of the mathe-
this pattern less often for low frequency multi-digit numbers matical operations (i.e., addition, subtraction, multiplication

(2/11 errors across the patients). and division), presented in a mixed fashion. The particular
operation required on each trial was indicated by the stan-
7.3.3. Discussion dard symbols,+', * —’, * x’, and ‘~'. The meaning of these

There is evidence for an association between the degreesymbols was explained to each patient prior to testing and
of semantic degradation and ISR within the numbers domain it proved necessary to provide repeated reminders through-
itself: the patients’ understanding of lower frequency num- out the test. The sums involved one-, two- and three-digit
bers was poorer than their understanding of single-digit num- operands (se€able 9. No control data is available for this
bers. Similarly, they showed poorer recall of these items and task.
made more frequent phonological errors on them. The pa- Incorrect responses were assigned to one of three cate-
tients performed at ceiling on one task involving single-digit gories: (1) ‘no response’ errors, (2) ‘symbol comprehension’
numbers but they made a larger number of errors in a sec-errors, which were responses that would have been correct
ond task that involved calculation. This finding is consistent if a different operation had been required (e.g.-- A= 30;
with the view that an understanding of numerical magnitude 14 x 21 = 35), and (3) ‘other errors’. Some examples from
is largely intact in SD but that knowledge of calculation pro- this heterogeneous group are provided beltatle 9shows

cedures is impaired (s€eappelletti et al., 2001 Some ad- the number of responses in each of these categories for each
ditional assessments that provide some support for this viewpatient as a function of mathematical operation and operand
are presented below. size.

EK, GT and MK performed perfectly on the addition
7.4. Other tests of numerical abilities sums and PD only made a single error. The patients were

also relatively good at subtraction. The less impaired pa-
We collected some additional data about the patients’ nu- tients made virtually no errors and the more severely im-
merical abilities that did not relate specifically to the sets of paired patients made a handful of errors on the multi-digit
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Table 9
Calculation accuracy and error types
No. of item$ EK GT PD MK
Cor NR Symb Other Cor NR Symb Other Cor NR Symb Other Cor NR Symb Other
Add
1+1 8 (7) 100 O 0 0 100 O 0 0 100 O 0 0 100 O 0 0
11+1 10 (9) 100 O 0 0 100 O 0 0 100 O 0 0 100 O 0 0
11+11 9 100 O 0 0 100 O 0 0 89 0 0 11 100 O 0 0
Overall 27 (25) 100 O 0 0 100 O 0 0 9% 0 0 100 O 0 0
Subtract
1-1 4 100 O 0 0 100 O 0 0 100 O 0 0 100 O 0 0
11-1 10 9 0 0 10 100 O 0 0 90 10 0 0 90 0 10 0
11-11 10 (9) 9 O 0 10 100 O 0 0 78 0 0 22 60 10 0 30
111 - 111 3(2) 100 O 0 0 100 O 0 0 50 O 0 50 100 O 0 0
Overall 27 (25) 93 0 0 7 100 O 0 0 84 4 0 12 81 4 4 11
Multiply
1x1 9 (8) 67 0 11 22 100 O 0 0 63 0 13 25 4 0 22 33
11x 1 9 78 0 0 22 100 O 0 0 33 33 22 11 33 44 0 22
11 x 11 9 (8) 0 89 0 11 100 O 0 0 13 25 38 25 0 67 33 0
Overall 27 (25) 48 30 4 19 100 O 0 0 36 20 24 20 26 37 19 19
Divide
11 5 80 0 20 0 100 O 0 0 100 O 0 0 60 20 0 20
11/1 4 7% 0 0 25 100 O 0 0 25 75 0 0 25 25 50 0
1111 9 (8) 11 56 0 33 100 O 0 0 13 50 0 38 0 67 22 11
111/11 9 (8) 33 44 0 22 100 O 0 0 25 38 0 38 22 67 0 11
Overall 27 (25) 41 33 4 22 100 O 0 0 36 40 0 24 22 52 15 11
Grand mean 108 (100) 70 16 2 12 100 O 0 0 63 16 6 15 57 23 9 10

Figures refer to percentage of item presented. Cor: correct, NR: no response, Symb: symbol comprehension error.
2The numbers of items shown in parentheses refer PD, who was tested on fewer items due to time constraints.

problems. EK, MK and PD showed much poorer perfor- previous test, a calculation task was devised that avoided the
mance on multiplication and division questions, scoring an use of such symbols. EK, GT, MK and twelve controls were
average of only 37 and 33%, respectively. In contrast, GT tested on this ‘which nhumber comes next’ task, which re-
was able to carry out multiplication and division without quired the next numberin asequence to be calculated (for ex-
difficulty. The patients’ performance was strongly affected ample, 4, 7, 10, 13, ?). The sequences themselves, presented
by the size of the operands. in Arabic numerals, specified the operation that produced
The most frequent error was a failure to respond. The the answer. There were 40 sequences, divided equally be-
patients also repeatedly made errors that appeared to resuliween addition, subtraction, multiplication and division. The
from the selection of an inappropriate mathematical opera- different types of sequences were blocked and the patients
tion, suggesting that the patients may not have understoodwere told that the blocks required different operations. Four
the meanings of the mathematic symbols. EK, MK and PD of the twenty addition and subtraction sequences were ‘sec-
indicated that they understood the symbel,‘but did not ond order’ as the amount that was added or subtracted was
comprehend -, * x’, or ‘=’. GT comprehended all four  changed by a constant amount each time (e.g., 2, 3, 5, 8, ?).
symbols. The patients also made a considerable number of The patients’ performance on these sequences, shown in
other calculation errors. Some of these errors were reminis-Table 1Q was generally good. GT was again functioning at
cent of an impairment of arithmetic facts/rules; e.gx, 2= a particularly high level. EK showed some impairment on
8, 8 x 1 = 16 (McCloskey, 1992 and some may have re-
sulted from failures to follow multi-digit procedures; e.g., Table 10
34— 18 = 26, rather than 16. The patients were able to read Performance of patients and controls on the number sequence test
the Arabic numbers from 1 to 20 without error, suggesting Maximum EK GT MK
that these errors did not result from an inability to recognise

Control mean (range)

. Addition 10 7 10 9  93(7-10)
Arabic numbers. Subtraction 10 9 10 B 92 (6-10)
Multiplication 10 9 10 3 7.4 (3-10)

7.4.3. ‘Which number comes next’ test Division 10 £ 10 # 95(7-10)
As the patients’ failure to understand mathematical sym- Higher order 4 1 4 4 3004

bols appeared to contribute to their poor performance onthe 2penotes abnormal performance.
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sequences involving division, and MK showed some impair- (but seeNoel & Seron, 199Y. Brain regions within the infe-
ment on subtraction, multiplication and division sequences. rior parietal lobe are thought to underpin knowledge of quan-
These deficits did not seem to be accountable by a failure totity (Dehaene & Cohen, 199behaene, Dehaene-Lambertz,
understand the task or the numbers involved—MK showed & Cohen, 1998 Patients with SD should therefore have
perfect performance on the higher order sequences, demona good understanding of quantity, consistent with their in-
strating that she was able to detect underlying patterns andtact performance on number comparison tasks. In contrast,
make inferences about the next number. Instead, the im-the stable associations between verbal/Arabic humbers and
pairments could be explained by a poor understanding of representations of magnitude might become degraded in
the multiplication and division procedures. The majority of SD. Although the ability to comprehend and recall number
EK’s errors occurred because she divided the componentswords relative to other words could be partially protected
of a multi-digit number correctly but failed to add the prod- because numbers have meaningful magnitude referents that
ucts of these calculations (for example, she recorded half ofare frequently encountered in the world, there is some
16 as ‘53, apparently because she knew that half of 10 wasevidence that transcoding tasks involving single-digit num-
5, and that half of 6 was 3). MK’s errors were omissions or bers can become impaired in cases with very severe SD
resulted from the use of the wrong mathematical operation (Knott, 1999.

(addition for multiplication and division sequences). It is also interesting to note that GT's number process-
ing abilities were superior to those of EK and MK across
7.4.4. Discussion a range of tasks. His particularly marked preservation of

These results, taken together, provide evidence aboutnumber knowledge may have been related to his extensive
which aspects of number knowledge remain intact in SD and pre-morbid experience with number and calculation in his
which become degraded. The patients were able to makejob as a college technician. Similarly, patient IEappelletti
accurate judgements about numerical magnitude (e.g., inet al., 200) had exceptional number knowledge given his
comparison tasks), could place number words in the correctlevel of semantic impairment and had worked as a City
order, were able to translate between Arabic numerals andbanker. Therefore, pre-morbid experience of numbers may
number words and could perform naming and word-picture help to determine the extent to which they remain intact in
matching with dot pictures. In contrast, in line with previ- this condition.
ous reportsCappelletti et al., 2001 their ability to perform
calculations, particularly those requiring multiplication and
division, was impaired. The patients showed a tendency 8. Reading aloud number and non-number words
to over-apply the addition procedure to other sums requir-
ing different operations. Their knowledge of mathematical  |f the patients’ relatively good understanding of num-
symbols was clearly degraded. This finding is of particular ber helps to maintain the phonology of number words in
interest, as only one previous study has reported a specific|SR, a similar difference between number and non-number
difficulty with the comprehension of arithmetic sigrizefro words might be expected to emerge in other apparently
& Botelho, 1983. The patients also performed more poorly ‘non-semantic’ tasks requiring phonological production, for
on arithmetic problems that involved multi-digit operands, example, reading aloud. Some views about the translation
and some of their errors on these questions implied a spe-from orthography to phonology suggest that semantic repre-
cific impairment of the procedures required for multi-digit - sentations play an important role in reading aloud, especially
numbers. In addition, they made some errors on very easyfor low frequency words with atypical spelling-to-sound cor-
multiplication problems (e.g.,2 3 = 8, 8x 1 = 16), which respondencesP{aut, McClelland, Seidenberg, & Patterson,
may have been indicative of an impairment of arithmetic 1996. SD patients make reading errors on such words, pro-
facts (McCloskey, 1992 nouncing them as if they had regular corresponderiRI®sI{

This pattern of competencies and weaknesses is con-to rhyme with ‘mint’): i.e., they demonstrate surface dyslexia
sistent with models of numerical cognition that postulate (Graham, Hodges, & Patterson, 19%atterson & Hodges,

a distinction between semantic/parietal representations 0f1992.

numerical magnitude and verbal representations of number |f this hypothesis is correct, SD patients might be ex-
words and arithmetic facts (e.@ehaene, 199McCloskey, pected to show preserved reading of irregular number words,
Caramazza, & Basili, 1983Noel & Seron, 1998 In De- as the correct pronunciations of these items should receive
haene ‘triple code’ model (1992), for example, there is more support from semantics if knowledge of the number
an analogue representation of numerical magnitude whichdomain is relatively preserved. Cappelletti et al. reported
is separable from the verbal code for number words and that patient IH, who had good comprehension of number
the visual code for Arabic numerals. Certain types of nu- words, did make fewer errors on reading aloud number
merical processing (e.g., transcoding, recall of arithmetic words, compared with other categories of words, even
facts) are thought to draw heavily on the verbal and visual when the words were matched for frequency and regularity
codes, whereas other tasks (e.g., magnitude comparison) ar¢8utterworth et al., 2001; Cappelletti et al., 200EK, GT
thought to be more independent of linguistic representationsand MK were tested using Cappelletti et al.’s materials,
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in order to determine if they were also more accurate at 8.3. Discussion
reading number words compared with non-number words.
EK and GT were better at reading numbers than
8.1. Method non-number words matched for regularity, frequency and
length, although MK did not show this effect, perhaps be-
The patients were asked to read 30 cardinal num- cause her number comprehension was more impaired. The
ber words (the numbers from one to twenty, each tenth correct phonology was more likely to be produced for num-
number—'thirty’, ‘forty’, etc., and the words hundred, thou-  ber than non-number words in both ISR and reading aloud;
sand and million). They were also asked to read 22 ordinal our hypothesis is that in both of these tasks, the phonology
number words (first, second, etc., up to twentieth, and then of the number words received stronger support from the
the items hundredth and thousandth), and 18 ‘ambiguous’semantic system.
number related words that also had non-numerical mean-
ings (add, minus, share, etc.). These 70 number words were
categorised as having regular and irregular spelling patterns9. Experiment 5: matching span for number and
and were compared with 70 non-number words matched onnon-number words
frequency, spelling regularity and length.
The recall advantage for number words appears to be
8.2. Results equivalent to the better recall of known than degraded words
reported previously (e.gRatterson et al., 1994Therefore,
The percentage of number and non-number words readthese findings are consistent with the view that stable seman-
aloud correctly by the three patients is showrTable 11 tic representations play an important role in verbal STM.
Butterworth et al. (2001jeported that control participants  However, it is not cleahow these representations act to sup-
were errorless on this task. The patients were relatively goodport the phonology of items in STM, and there are several op-
at reading both regular and irregular number words, and posing viewpoints. The redintegration accoutthercole
made a larger number of errors on the non-number words, et al., 2001; Hulme et al., 199kuggests that long-term
although the differences were subtle compared with the dra-lexical representations are used to reconstruct the degraded
matic difference shown by IH. The advantage for reading phonological STM trace during recall. This process may be
number words was statistically significant for both EK and disrupted by the degradation of word knowledge in SD. In
GT (EK: x*(1) = 4.07, P < 0.05; GT: x*(1) = 3.89, P < contrast,Patterson et al. (1994)ccounted for the relation-
0.05). MK made a larger number of errors on both num- ship between semantic knowledge and ISR within a parallel
ber and non-number words, and showed no significant dif- distributed processing (PDP) framework. According to this
ferences between themi(1) < 1). As anticipated, none  account, stable phonological and semantic patterns corre-
of the patients showed an effect of regularity in their read- sponding to familiar words and concepts conspire to main-
ing of number words%(1) < 1). GT showed a marginally  tain phonological coherence of items for ISR. In SD, this
significant effect of regularity in his reading of non-number additional source of constraint may be lessened for seman-
words (GT: x2(1) = 3.56, P = 0.059), and the other two tically degraded words, making it more difficult for patients
patients showed numerical advantages for regular over ir-to retain these items as a coherent whole.
regular non-number words that failed to reach significance  The redintegration account suggests that lexical represen-

(EK: x2(1) < 1; MK: x*(1) = 1.96, n.s.). tations exert their effects during overt recall, at a late stage in
verbal STM. In contrast, the PDP account suggests that se-
Table 11 mantic representations are involved during all stages of ISR.
Reading number and non-number words Therefore, the two accounts predict rather different results
EK GT MK in serial recognition tasks like matching span. In this task,
Cardinal number wordsn(= 30) two successive lists of items are read aloud to the partici-
Regular @i = 19) 100 100 84 pant, who is then required to make a same/different judge-
Irregular g = 11) 100 100 91 ment. As this judgement does not require overt recall, the
Ordinal number wordsn(= 22) redintegration account predicts that lexical influences will
Regular 6 = 13) 77 77 77 be reduced or even abolished. In line with this suggestion,
Irregular f = 9) 78 100 67 Knott et al. (1997)found no difference in matching span
Ambiguous number wordsi(= 18) for known and degraded words in a patient with SD, and
Regular ( = 14) 93 100 57 Gathercole et al. (200Xpund a markedly reduced lexical-
Irregular 6 = 4) 75 100 50 ity effect in matching span in normal children. This exper-
Non-number wordsn( = 70) iment examined whether the difference between numbers
Regular (1 = 46) 78 91 74 and words was limited to ISR, consistent with the redinte-

Irregular @ = 24) & 1 54 gration account, or whether it extended to matching span,

Note: Numbers are expressed as a percentage of items presented. consistent with the PDP account.
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The experiment compared two different types of changes possible changes were discarded, and changes that were im-
in a matching span task—changes in item order and changegossible in one type of material were avoided for the yoked
in phoneme order. Typical matching span tasks examine theitems in the other. Changes were selected from the remain-
ability to detect switches in the order of neighbouring items ing possibilities so that an equal number resulted in words
(e.g., ‘her, sight, name, small’ becomes ‘her, name, sight, and non-words for the two types of material. The same num-
small’). We also examined the ability to detect switches in ber of changes occurred at each serial position. The words
the onsets of neighbouring words (e.g., ‘her, sight, name, that changed were placed in the lists first, and the remainder
small’ versus ‘her, night, same, small’). According to the of the lists were constructed by selecting items at random
PDP framework, semantic degradation leads to specific dif- without replacement and re-pooling the items as many times
ficulty in maintaining the order of phonemes rather than as required.
whole items, explaining why SD patients make a large num-  There were four conditions in this experiment, corre-
ber of phoneme migration but not item order errors in re- sponding to the two types of changes for the two types of
call (seelefferies, Frankish et al., submittefl-aherefore, material, each with 24 trials. Changes occurred on half of
SD patients might be more impaired at detecting changes inthese trials. The trials were presented in blocks of six tri-
onsets than changes in item order, and the influence of se-als, using a Latin square design. The patients and twelve
mantic representations on matching span might prove morematched controls were tested on five and seven item lists.
readily detectable using this method. The words were presented at a rate of one word per second,

and the two lists were separated by a two second pause.
9.1. Method
9.2. Results

Matching span performance was examined for the
single-digit numbers and the frequency and imageability The results for the patients and controls are shown in
matched words used in Experiment 1 (s&gpendix A). Table 12 The controls performed equally well on the match-
Two lists of digits or words were read aloud in succession, ing span tasks for digits and words, whether changes were
and the participants judged if the lists had been the same ormade to the order of the items (five item list§ll) =
different. Two types of changes could occur in the second 1.12, n.s.; seven item lists(11) < 1), or to the order of
list: (1) changes in item order, in which two neighbouring the phonemes (five item lists(11) < 1; seven item lists:
items were switched in order, and (2) changes in phonemer(11) = 1.12, n.s). They were better able to detect changes
order, in which the onsets of two neighbouring words in phoneme order than changes in item order, for both dig-
were exchanged. Examples of both types of changes wereits (five item lists:#(11) = 3.35, P < 0.01; seven item
provided before the start of test. lists: 1(11) = 4.61, P < 0.001), and words (five item lists:

The digit and word lists were yoked so that matched pairs 1(11) = 4.17, P < 0.01; seven item listst(11) = 4.81,
of items occurred in the same serial positions. All lists were P < 0.001).
presented twice, allowing the two types of changes to be The patients showed a rather different pattern of results.
made on identical lists. Before the lists were constructed, All three patients were unimpaired in detecting changes to
the result of switching onsets between every possible com-the order of digits. They were also relatively good at detect-
bination of items was established. Some of these changesng changes in the order of non-number items, although GT
resulted in real words being produced (‘nine, four’ to ‘fine, was impaired relative to controls at both list lengths. GT and
gnaw’), some resulted in non-words being produced (‘seven, MK were impaired at detecting changes to phoneme order
five' to ‘feven, sive’), and some were impossible because the in the digit items, at least in parts of the dataset. All three pa-
onsets for the two words were identical (‘four, five’). Im- tients showed some impairment at detecting changes to the

Table 12

Matching span performance

List length Matching condition EK GT MK Control mean (range)

Five items Digits: item order 21 22 22 20.8 (18-23)
Words: item order 18 ¥ 18 20.2 (18-23)
Digits: phoneme order 24 £9 22 22.5 (21-24)
Words: phoneme order 18 162 20 22.3 (20-24)

Seven items Digits: item order 14 19 16 17.2 (12-22)
Words: item order 14 i5o) 15 17.1 (11-20)
Digits: phoneme order 21 21 16 21.4 (18-24)
Words: phoneme order 20 a4 150 20.8 (17-24)

Maximum = 24, chance levek 12. Figures refer to number of correct trials.
aDenotes abnormal performance.
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order of phonemes in the non-number words. This was theand non-number words remained substantial even when
only condition that was impaired in the mildest patient, EK. frequency, imageability, word length, set size and size of
EK showed no difference between digits and words when semantic category were matched across the two types of

item order was changed (five and seven item ligl§1) < material.

1), but she performed more poorly on words than digits The ISR differences between number and non-number
when phoneme order was changed (five-item ligfg1) = words are reminiscent of those observed in SD patients
4.76, P < 0.05; seven-item listsy?(1) < 1). GT per- previously for relatively well known versus semantically
formed better on the digits than the words when item order degraded wordsKnott et al., 1997; Patterson et al., 1994
was changed (seven-item listg?(1) = 5.58, P < 0.05; suggesting that a comprehension difference might under-

five-item lists:x2(1) = 2.19, n.s.) and when phoneme order pin the better ISR for numbers. Naming and word-picture

was changed (seven-item listg?(1) = 3.80, P = 0.051; matching tests with dot and face part pictures supported
five-item lists:x2(1) < 1). MK failed to show any significant  this hypothesis, as the patients were able to perform these
differences between digits and words for either item order comprehension tasks for the numbers but not the matched
changes (five-item listg?(1) = 1.35, n.s.; seven-item lists, non-number words. A similar association between compre-
x2(1) < 1) or phoneme order changes (five- and seven-item hension and ISR was also observed within the domain of

lists: x2(1) < 1). numbers, in a comparison of multi-digit and single-digit
number words. Moreover, the patient with the largest com-
9.3. Discussion prehension impairment for the non-number words also

exhibited the poorest ISR for these words.

The controls’ matching span performance did not dif- There are at least two different accounts of the rela-
fer between single-digit numbers and non-number words. tionship between semantic (and/or other long-term repre-
In contrast, EK and GT showed a significant advantage for sentations) and ISR. The ‘redintegration’ account suggests
numbers over non-number words that mirrored the recall first that it is stable phonological representations of famil-
differences obtained in Experiment 1. MK was impaired on iar words, and not their meanings, that assist ISR, and sec-
both the single-digit numbers and the non-number words ondly that the impact of these long-term representations on
and showed no significant differences between them. Theshort-term memory occurs only at the time of recall when
broadly parallel findings obtained for EK and GT in recall STM traces need reconstructinGdthercole et al., 2001;
and recognition tasks suggest that the role of semantics inHulme et al., 199]L The alternative account suggests that,
verbal STM is not restricted to recall, in line with the pre- because of well-learned bi-directional connections between
dictions of the PDP account. semantic and phonological representations, both types of sta-

Although superior matching span performance for num- ble knowledge constrain short-term phonological activation,
ber words was not obtained in every patient on every list and that this interactive support occurs during presentation
length, it appears that the redintegration account would al- and maintenance of information in STM as well as at the
ways expect equivalent performance for these items; the facttime of recall Patterson et al., 1994Verbal STM was bet-
that differences were obtained is therefore more consistentter for number than non-number words in our SD patients
with the PDP view. It may be harder to observe the influence not only in a recall paradigm but also in recognition, sug-
of semantic factors in matching span compared with ISR gesting that the role of long-term representations in STM is
because the task is less demanding and less sensitive; it i$10t confined to the process of recall.
possible to succeed at matching span, but not ISR, without Why is number knowledge relatively preserved in SD?
a perfectly intact phonological representation. Cappelletti et al. (2001)suggested that straightforward

explanations, like the high frequency and orderliness of

numbers, could not account for IH's superior understanding
10. General discussion of number because non-number words that shared these

characteristics were not preserved. Similarly, the present

This series of experiments examined ISR of number article demonstrates that the selective preservation of ISR
and non-number words in patients with SD, in order to for numbers survives matching for frequency, imageability,
investigate the quantity and quality of span performance word length, set size and open or closed semantic category.
for these two types of materials. For every patient, the re- Another possibility is that numbers are preserved because
call of single-digit numbers was normal whereas the recall they are important in everyday life; for example, they are es-
of non-number words was impaired relative to controls, sential for shopping and to use the telephone. Patients may
and this number advantage extended to lower frequencyretain an understanding of words and concepts that they en-
multi-digit numbers and words. In every experiment, the counter every day because of their preserved ability to form
patients’ recall revealed a relatively normal pattern of omis- new episodic memoriesStowden, Griffiths, & Neary, 1994,
sion, order and intrusion errors on the number words but 1996. In addition, number knowledge may be relatively
an abnormally large number of phonological errors on preserved in SD because the cortical atrophy associated
the non-number words. The difference between numberswith this condition typically spares the inferior parietal lobe



658 E. Jefferies et al./ Neuropsychologia 42 (2004) 639-660

thought to be crucial for the representation of numerical matching with the numerals 1-9 and at this same stage, she

magnitude (se®ehaene et al., 1998or a review). also began to make phonological errors during digit span
Although SD patients’ preserved representation of nu- (Knott, 1998. This association between knowledge and ISR

merical magnitude may strengthen their comprehensionwithin the domain of number words in the very late stages

and recall of number words relative to words in other cate- of SD lends further support to the view that semantics plays

gories, knowledge of number words ultimately degrades in a crucial role in verbal STM.

SD. Our patients retained good understanding and recall of

single-digit numbers but their knowledge and ISR of less

frequent multi-digit numbers was somewhat impaired, con- Acknowledgements
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Appendix A

The two word sets used in Experiment 1

Digits Frequency matched words Frequency and imageability matched words
One All Her
Two Well Back
Three Though Small
Four Lot Name
Five Soon Light
Six Road Age
Seven Sorry Council
Eight Worth Health
Nine Bread Sight
Mean syllable length 11 1.1 1.1
Mean frequency 748.9 786.8 799.7
Mean imageability 449.8 4392 458.0

aScore is unavailable for some items.

Appendix B

Numbers and matched words used in Experiment 2

Numbers Frequency matched Frequency matched, high imageability
Eleven Article Furniture
Thirteen Birthday Tennis
Seventeen Definite Envelope
Nineteen Trading Dusty
Seventy Notably Pollution
Eighty Shiny Cigar
Ninety Applause Cement
Billion Gesture Novel
Trillion Blandly Madman
Mean syllable length 2.3 2.3 2.3
Mean frequency 23.4 26.5 24.3

Mean imageability Not available Not available 564.4
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Appendix C

Number and face-part words used in Experiment 3

Numbers Frequency
matched words
Eight Mouth
Nine Neck
Ten Hair
Eleven Tongue
Twelve Nose
Thirteen Brow
Fourteen Beard
Sixteen Chin
Eighteen Forehead
Nineteen Fringe
Sixty Cheek
Seventy Parting
Mean syllable length 1.8 1.25
Mean frequency 61.1 62.5
Mean imageability Not available  594.7

aScore is unavailable for some items.
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